Summary.
Conjugate of horseradish peroxidase and wheat germ agglutinin (HRP-WGA conjugate) was injected into the midbrain central gray (MCG) of three adult rats. Frontal sections of the diencephalon were first treated with diaminobenzidine and hydrogen peroxide to detect the retrogradely transported conjugate. They were then stained immunohistochemically to detect pro-opiomelanocortin (POMC)-derived peptides (ACTH, fl-endorphin and a-MSH). The coexistence of the three POMC-derived peptides was confirmed by the immunohistochemistry of three consecutive sections stained with antiserum specific to each peptide. Some of the neuronal perikarya distributed in and around the arcuate nucleus were positive to the immunohistochemical stain for POMC-derived peptides, and, concomitantly, were labeled with HRP-WGA conjugate, which indicated that they projected to the MCG. They were mostly concentrated in the rostra! three-fifths of the arcuate nucleus. The finding that some of the POMC neurons in the arcuate nucleus project to the midbrain central gray deserves interest, because the central gray is involved in analgesia induced by opioid peptides.
It is well known that animals exposed to intense noxious stimuli have an endogenous mechanism which relieves pain (MICZEC et al., 1985) . In 1969, REYNOLDS reported that electrical stimulation of the rat midbrain central gray (MCG) induced analgesia sufficient to allow a laparotomy.
Numerous other studies concerning this analgesia have since been conducted, and it has been proposed that the brain regions involved in this analgesia are located between the diencephalon rostrally and the nucleus raphe magnus caudally (BALAGURA and RALPH, 1973; MAYER and LIEBESKIND, 1974; OLIVERAS et al., 1977) . In addition, it has been found that morphine causes a similar analgesic effect when injected into those regions of the MCG (LEWIS and GEBHART, 1977; YEUNG, et al., 1977) . A dense distribution of opiate receptors has been recognized in the MCG of the monkey, though they are less numerous than the amygdala (SIMANTOV et al., 1976) , and the analgesic effect induced by electrical stimulation of the MCG was inhibited by naloxone, an antagonist of morphine (AKIL et al., 1976; HOSOBUCHI et al., 1977) . Cross tolerance was also reported between the analgesia induced by electrical stimulation and that induced by morphine (MAYER and HAVES, 1975) . Moreover, concentrations of ACTH and /3-endorphin in human cerebrospinal fluid were increased when analgesia was induced by electrical stimulation of the MCG (HOSOBUCHI et al., 1979; HOSOBUCHI,1981) . Therefore, opioid peptides, fl-endorphin especially, have been thought to play an important role in this electrically induced analgesia.
Several studies on the distribution of /l-endorphincontaining neurons have been conducted. These POMC neurons are known to be located in and around the arcuate nucleus (PELLETIER and DUBS, 1977; DUBE et al., 1978; BLOCK et al., 1978; WATSON et al., 1978; NILAVER et al.,1979; KNIGGE,1981) and in the solitary nucleus (JOSEPH et al., 1983; SCHWARTZ-BERG and NAKANE,1983; DORES et al.,1986; TSOU et al., 1986) . The nerve fibers of POMC neurons are widely distributed in the brain, including the MCG. As to the fiber connection between the arcuate nucleus and the MCG, MORRELL et al. (1981) demonstrated a number of neurons in the rostral arcuate nucleus containing ingested HRP which was injected into the MCG, while the caudal two-thirds of the nucleus contained only a few HRP-labeled neurons. Though this study suggested that some of the arcuate neurons might project to the MCG, a lack of direct evidence of the fiber projection of the arcuate POMC neurons to the MCG has persisted. In this report, therefore, we present direct evidence that some of the POMC neurons in the arcuate nucleus project to the MCG, employing a technique which combines retrograde labeling with HRP-WGA conjugate and immunohistochemistry with anti-C-endorphin applied to the same tissue sections.
MATERIALS AND METHODS
Three male rats of the Wistar strain (body weight 290-400 g) were anesthetized by an intraperitoneal injection of pentobarbital (50mg/kg body weight). The HRP-WGA conjugate was injected stereotaxically at a point 7.8mm posterior to the bregma, 0.7 mm to the left of the midline and 4.9mm below the brain surface. This area was chosen for the injection of HRP-WGA conjugate, because a large number of ACTH fibers were visualized immunohistochemically with anti-ACTH serum, forming a dense network in the MCG (Fig. 1) . The injection was carried out through a glass micropipette (about 50um in diameter) connected to a microsyringe, 0.3ul of 2% HRP-WGA dissolved in 0.05M Tris buffer (pH 7.4) being injected. On the next day, colchicine (100 ug/20 pl saline) was infused into the right lateral ventricle, and on the following day the animals were sacrificed under pentobarbital anesthesia by cardiac perfusion of Zamboni's fixative. The brains were removed from the skulls, and immersed in Zamboni's fixative containing 30% sucrose for 1 day at 4C. Frozen sections were cut with a cryostat, the thickness being 60um for the midbrain and 28um for the hypothalamus. After washing with phosphate-buffered saline (PBS), HRP-WGA conjugate was detected by immersing the sections in a solution containing 0.02% diaminobenzidine (DAB), 0.02% cobalt acetate and 0.005% H202 in 1/15 M phosphate buffer, for 8-9min.
After a thorough washing with PBS, the sections were stained immunohistochemically by the PAP method, using anti-ACTH (1:2000), anti-a-MSH (1:4000), or anti-,8-endorphin sera (1:2500). The PAP complex was visualized with DAB and H202. The sections were mounted on a glass slide and observed under a light microscope (Olympus BH2). To examine the co-localization of ACTH, 8-endorphin and a-MSH, the other rats received an infusion of colchicine into the lateral ventricle, and 2 days later were perfused with a fixative of 4% paraformaldehyde and 0.2% picric acid under pentobarbital anesthesia. The brains were embedded in paraplast and serial 3 um sections of the hypothalamus were obtained. Three consecutive sections were immunohistochemically stained by the PAP method, using anti-ACTH, antia-MSH and anti-/3-endorphins. 
RESULTS
It is well known that different kinds of peptide having varying functions-such as adrenocorticotropin (ACTH), melanocyte stimulating hormone (MSH) and/3-endor-phin-are formed by processing from a common precursor, pro-opiomelanocortin (POMC). Therefore, POMC-producing neurons in the brain may contain a part or all of the peptides derived from POMC. Imrnunocytochemical techniques were proposed to disclose the localization of each POMC-derived peptide, indeed the immunostaining of these peptides on consecutive sections of the rat hypothalamus demonstrated the co-localization of POMC-derived peptides: ACTH, a-MSH and 8-endorphin (Fig. 2) . These sections indicated the existence of POMC cell bodies in the arcuate nucleus of the hypothalamus.
Though the processes of these POMC neurons may project to various parts of the brain, the immunoreactive ACTH-containing nerve fibers were densely distributed in the area ventro-lateral to the cerebral aqueduct in the mesencephalon (midbrain central gray=MCG) as shown in Figure 1 . From this finding it is supposed that some of the POMC neurons may project to the MCG area. In order to verify this possible projection of POMC neurons to the midbrain, HRP-WGA conjugate was injected into the lateral or ventro-lateral regions of the MCG (Fig. 3) . The conjugate was detected around the point and along the pathway of the insertion of the pipette, and mainly confined within the central gray. The diffusion of the conjugate was observed around this intensely stained area, and a part of the contralateral central gray was included within this diffusion. Figure 4 shows a double stained section of the arcuate nucleus, some perikarya labeled with black dots which indicate the HRP-WGA conjugate. Others were diffusely stained brown, which shows the presence of the POMC-derived peptides. Two neurons in the figure were doubly labeled. We could easily discriminate between the three kinds of neurons under the microscope.
The distribution of neurons labeled with the conjugate and/or the immunostaining is summarized in Figure 5 . The retrogradely transported conjugate was found bilaterally in such areas as the zona incerta, lateral hypothalamic area, anterior tectal nucleus, habenular nucleus, lateral geniculate nucleus, dorsomedial nucleus, ventromedial nucleus and arcuate nucleus. The neurons labeled with the conjugate were more numerous and more intensely stained on the side The cell body possessing black granules (arrow) is a non-POMC neuron containing HRP-WGA conjugate. The cell body containing black granules and stained brown (two arrows) is a POMC neuron containing HRP-WGA conjugate (doubly stained neuron). Other cell bodies stained brown but containing no granules (crossed arrows) are POMC neurons without HRP-WGA conjugate. X 4,600 A B C of the injection site in the midbrain than on the other. Doubly labeled neurons were found in and around the arcuate nucleus, and some were distributed more rostrally to the retrochiasmatic region. Within the arcuate nucleus, they were concentrated in the rostral three-fifths, with up to 14 doubly stained neurons being found in one section. In such an area they constituted 1/5 to 1/6 of all the POMC neurons in the section. The doubly labeled neurons were round, oval, semilunar, spindle-like or triangular. We were unable to differentiate them from other POMC neurons by either shape or size.
DISCUSSION
In the present study, we could find no neurons in the hypothalamus stained by anti-a-MSH serum except for those which were in and around the arcuate nucleus. WATSON and AKIL (1979, 1980) reported the existence of neurons with a-MSH-like immunoreactivity in the dorso-lateral area of the hypothalamus, including the zona incerta. KHACHATURIAN et al. (1986) , however, reported that the a-MSH-like material contained in these neurons was not the authentica-MSH, and that though this material had a carboxyterminal homology with a-MSH, it differed from it in the midregion, since the antiserum directed at the 4-10 residue of a-MSH failed to stain these neurons. Our anti-a-MSH has not been precisely characterized concerning the epitome(s) it recognizes. It has a weak affinity with ACTH (1-39) at a high concentration ( x 100), though at lower concentrations it shows no affinity at all (TANAKA and KUROSUMI, 1986) .
To study the fiber projection to the MCG, MORRELL et al. (1981) injected HRP into the MCG, and observed the distribution of retrogradely labeled neurons. They reported that the caudal two-thirds of the arcuate nucleus contained few retrogradely labeled neurons, and that at the level of the ventral premamillary nucleus, no retrogradely labeled neurons were observed, while the rostral arcuate nucleus contained a number of labeled neurons, with some of them distributed more rostrally in the retrochiasmatic region which surrounds the ventral tip of the third ventricle. This distribution is concomitant with our findings, as a whole. In our study, however, we found a considerable number of doubly stained neurons in the middle of the arcuate nucleus as well. Two reasons for this difference can be considered. First, the diffusion of HRP-WGA conjugate from the injection site was more extensively spread in our experiments than the diffusion of HRP in their study. They reported that the most intensely stained region was confined within the borders of the central gray, with a lighter halo of reaction product extending into the area surrounding it. Therefore the number of nerve endings which incorporated the tracer was smaller in their study than ours. Second, HRP-WGA conjugate has been considered to be more sensitive than free HRP as a tracer of retrograde transport (GoNATAS et al., 1979) , and therefore labeled neurons in the middle of the arcuate nucleus could be visualized with HRP-WGA, but not with free HRP.
The retrogradely labeled neurons were distributed bilaterally, though the number and the staining intensity was greater on the ipsilateral side. Two possible reasons could be considered for this bilateral distribution. First, the conjugate diffused into the contralateral central gray may be taken up by the nerve endings there. Second, POMC neurons in the arcuate nucleus may have a bilateral projection to the MCG.
In our study, immunoreactive POMC cell bodies were found throughout the arcuate nucleus and extended laterally and rostrally to the retrochiasmatic area. This distribution is almost the same as that reported by KNIGGE (1981) , who studied the distribution of neurons reactive to anti-ACTH antiserum.
The doubly labeled neurons in the arcuate nucleus constituted 5-20% of the whole POMC neurons in the rostral three-fifths of this nucleus, but were less numerous in its caudal part. The proportion of the doubly stained neurons, as compared with the total number of whole POMC neurons in the arcuate nucleus, is rather small, but still significant, if we consider the extensive fiber projections from the arcuate POMC neurons to various brain regions (CRONWALL, 1985) .
The present study revealed that some of the POMC neurons in the arcuate nucleus project fibers to the MCG, and thus provide direct evidence of the analgesia induced by electrical stimulation of the MCG. The reception of noxious stimuli at the posterior horn of the spinal cord may be inhibited by the descending pathway from the nucleus raphe magnus (NRM) (GALLAGER and PERT, 1978; BASBAUM et al., 1976 BASBAUM et al., , 1978 BASBAUM and FIELDS, 1979) . The j3-endorphin released from the nerve terminals in the MCG may enhance this inhibition through the pathway from the MCG to the serotonergic NRM (BEHBEHANI and FIELDS, 1979; PRIETO et al., 1983; HOSOBUCHI, 1980 HOSOBUCHI, , 1981 .
This study, therefore, provides reliable evidence that POMC neurons, which are distributed in the arcuate nucleus of the hypothalamus and project to the midbrain, may contribute to the mechanism inhibiting noxious stimuli through the secretion of j3-endorphin and other POMC-derived peptides.
